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Abstract

Glycoproteins of enveloped viruses replicating in nonprimate mammalian cells carry

α‐1,3‐galactose (α‐Gal) glycans, and can bind to anti‐Gal antibodies which are

abundant in humans. The antibodies have protected humans and their ancestors for

millions of years, because they inhibit replication of many kinds of microbes carrying

αGal glycans and aid complements and macrophages to destroy them. Therefore,

severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) replicating in

nonprimate mammalian cells (eg, PK‐15 cells) carry αGal glycans and could be

employed as a live vaccine for corona virus 2019 (COVID‐19). The live vaccine

safety could be further enhanced through intramuscular inoculation to bypass

the fragile lungs, like the live unattenuated adenovirus vaccine safely used in US

recruits for decades. Moreover, the immune complexes of SARS‐CoV‐2 and anti‐Gal
antibodies could enhance the efficacy of COVID‐19 vaccines, live or inactivated,

carrying α‐Gal glycans. Experiments are imperatively desired to examine these novel

vaccine strategies which probably have the critical advantages for defeating the

pandemic of COVID‐19 and preventing other viral infectious diseases.
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1 | BACKGROUND

Corona virus 2019 (COVID‐19) caused by the novel coronavirus severe

acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) was first

identified in December 2019 in Wuhan, China, and has resulted in an

ongoing pandemic. As of 13 July 2020, over 12.9 million cases have

been reported across 188 countries and territories, resulting in over

560 000 deaths.1,2 So far, particularly effective antiviral agents against

COVID‐19 have not been identified.3 It is thus imperatively desired to

develop safe and effective vaccines for the disease, and accordingly,

various vaccines for COVID‐19 have been under development with

unprecedented rapidity.4‐9 These vaccines can be largely divided into

whole‐virus vaccines and subunit vaccines.4‐9 Whole‐virus vaccines

include live vaccines and inactivated vaccines, and subunit vaccines are

those based on proteins, DNA, messenger RNA, or viral vectors.

Through decades of competition, live vaccines, inactivated vac-

cines, and subunit vaccines are employed for prevention of 13, 6, and

4 human viral infectious diseases, respectively (Table 1).10 Therefore,

it is of great significance to develop whole‐virus vaccines, particularly
live vaccines which are usually more efficacious and less costly than

other vaccines, for COVID‐19.11 Currently, several inactivated vac-

cines for COVID‐19 have entered clinical trials,8,9 but progress of live

vaccine development for COVID‐19 has yet to be reported.

The inactivated vaccines for COVID‐19 currently under de-

velopment are produced using Vero cells.8,9 It has been found that

SARS‐CoV‐2 replicates in PK‐15 cells as efficiently as in Vero cells,

and can reach to the titer of 1011 PFU/mL.12 As elucidated below,

SARS‐CoV‐2 replicating in nonprimate mammalian cells, including

porcine PK‐15 cells, probably has critical advantages for in-

activated and live vaccines for COVID‐19, due to interaction of the
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glycans of α‐1,3‐galactose (Galα1‐3Galβ1‐4GlcNAc‐R, αGal) and

anti‐Gal antibodies.

2 | α ‐GAL GLYCANS (GAL‐GS) ON VIRUSES

Glycans at the N‐linked glycosylation sites on enveloped viruses in-

cluding coronaviruses are synthesized by the relevant cellular en-

zymes in host cells.13‐18 Accordingly, enveloped viruses, such as

influenza virus, vesicular stomatitis virus (VSV), eastern‐equine‐
encephalitis virus (EEEV), replicating in cells of nonprimate mammals,

lemurs, or New‐World monkeys, including murine 3T3 fibroblasts,

canine MDCK, and porcine PK‐15, carry Gal‐Gs, because these cells

express active α‐1,3‐galactosyltransferase (α‐1,3‐GT).13‐18 These cells

also decorate their surface glycoprotein and glycolipids with many

Gal‐Gs synthesized within the cells. In contrast, enveloped viruses

replicating in cells of humans, apes, Old‐World monkeys, including

human Hela cells and African green monkey Vero cells, lack Gal‐Gs,
because nucleotide mutations inactivated the enzyme α1,3GT in

these cells.13‐18 The surfaces of these cells also lack Gal‐Gs. Many

bacteria (eg, Serratia marcescens) and protozoa (eg, Trypanosoma

cruzi) synthesize and present Gal‐Gs on the glycoproteins and

glycolipids.13,18,19

3 | ANTI ‐GAL ANTIBODIES (ANTI‐
GAL‐ABS)

Nonprimate mammals, lemurs, or New‐World monkeys do not pro-

duce anti‐Gal‐Abs due to immune tolerance to self‐antigens.14 In

contrast, humans, apes, and Old‐World monkeys produce anti‐Gal‐
Abs throughout life because of frequent antigenic stimulation by

many gastrointestinal bacteria carrying Gal‐Gs.19 Anti‐Gal‐Abs are

abundant in humans, constituting ~1% of serum IgG, IgM, and IgA

immunoglobulins.18,20 Anti‐Gal‐Abs also exist as IgA and IgG in milk,

colostrum, saliva, and bile.20

Beyond anti‐Gal‐Abs specifically binding to Gal‐Gs, there are

other natural anti‐glycan antibodies in human serum which bind to

over 100 types of glycans, including anti‐A and anti‐B antibodies

produced against blood‐groups A and B glycans in the ABO system.21

The natural anti‐glycan antibodies of anti‐A and anti‐B are produced

due to stimulation of gastrointestinal bacteria carrying blood‐groups
A or B antigen.13,22 It remains unknown whether anti‐A and/or anti‐B
antibodies are responsible for the observations that blood group O

humans are probably less susceptible to COVID‐19 and group A

humans are probably the most susceptible to COVID‐19.23‐25

Anti‐Gal‐Abs induce immune rejection of xenografts (eg, porcine

organs) carrying Gal‐Gs transplanted into humans.13,26 However,

their major contribution to humans is to help the immune system to

eliminate many kinds of zoonotic viruses carrying Gal‐Gs synthesized
by the source animals, and fight bacteria and protozoa carrying Gal‐
Gs.13‐18 In terms of evolution and immunology, anti‐Gal‐Abs have

contributed greatly to protection of humans and their ancestors from

infectious diseases for millions of years.13,27 The protection of anti‐
Gal‐Abs against viruses is based on the following three mechanisms:

First, anti‐Gal‐Abs can prevent the virus from attaching to the

viral receptors, and thus block the entry and replication of the

virus.13,23,28 This is because when anti‐Gal‐Abs bind to Gal‐Gs on

the viral surface glycoproteins, the binding can present a spatial

obstacle to prevent the virus from attaching to the viral receptors on

host cells. In‐vitro incubation of EEEV carrying Gal‐Gs with purified

human anti‐Gal‐Abs blocked the replication of ∼50% of the virions in

Vero cells, whereas such inhibition was not detected with EEEV

lacking Gal‐Gs.13,17 It is noteworthy that anti‐Gal‐Abs may be unable

to neutralize or block all virions carrying Gal‐Gs.13,17

Second, the immune complexes of anti‐Gal‐Abs and Gal‐Gs on a

virus can target the virus to the complement system and activate the

system to destroy the virus.13,29‐33 Through this complement‐
mediated mechanism, anti‐Gal‐Abs have been found to be able to

facilitate destruction of Gal‐Gs presenting lymphocytic chor-

iomeningitis virus, measles virus, Newcastle disease virus, porcine

endogenous retrovirus, pseudorabies virus, Sindbis virus, Type C

retrovirus, vaccinia virus, and VSV.13,29‐33 An in‐vitro study showed

that anti‐Gal‐Abs enhanced complement‐mediated killing of measles

virus by over three folds compared with killing of the virus lacking

Gal‐Gs.31 Another in‐vitro study showed that anti‐Gal‐Abs could

enhance complement‐mediated killing of VSV over 10‐fold compared

with killing of the virus lacking Gal‐Gs, and over 99.99% VSV virions

could be destroyed through this approach.16

Third, anti‐Gal‐Abs can target a Gal‐Gs‐carrying virus to mac-

rophages and other antigen presenting cells (APCs), through the in-

teraction of their Fc tails and the Fc receptors on APCs, and aid these

immune cells to destroy the virus and present relevant antigenic

epitopes to T and B cells.13,34‐37 This process is termed immune

opsonization which reduces the virus pathogenesis and induces

higher protective immunity as compared with the virus alone (ie,

lacking a‐gal epitopes). Mice in which the α1,3GT gene was knockout

(GT‐KO mice) and which produce anti‐Gal‐Abs have been used for

TABLE 1 Types of vaccines currently used for human viral diseases

Vaccines Diseases prevented by the vaccines

Live vaccines Adenovirus‐associated respiratory disease (only used in US recruits), dengue, hepatitis A, influenza, Japanese encephalitis,

measles, mumps, poliomyelitis, rabies, rotavirus‐associated diarrhea, rubella, Shingles, varicella, yellow fever

Inactivated vaccines Hepatitis A, influenza, Japanese encephalitis, rabies, poliomyelitis, tick‐borne encephalitis, hand foot mouth disease

Subunit vaccines Viral vector‐based: dengue; protein‐based: hepatitis B, hepatitis E, HPV infection
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investigation of the effect of anti‐Gal‐Abs.35‐37 Compared with

GT‐KO mice immunized with inactivated influenza virus lacking

Gal‐Gs, GT‐KO mice immunized with inactivated influenza virus

carrying Gal‐Gs produced anti‐influenza virus antibodies ~100‐fold
higher in titers, and the mice demonstrated eightfold higher survival

after intranasal challenge with a lethal dose of live influenza

virus lacking Gal‐Gs.35 For the same reason, immunogenicity of

recombinant HIV viral glycoprotein gp120 and bovine serum albumin

carrying α‐Gal‐Gs increased by over 4 to 30 folds in GT‐KO mice

compared with these glycoproteins lacking Gal‐Gs.36,37

Although anti‐Gal‐Abs are abundant in human bodies, their

activity varies among individuals.13,38 Meanwhile, immunization with

an antigen carrying Gal‐Gs (eg, mouse cells) could result in rapid

elevation in anti‐Gal‐Ab titer by 8 to 200 folds.13,39 Increased anti‐
Gal‐Abs are beneficial to mediate complements and APCs to destroy

zoonotic viruses, bacteria, and protozoa carrying Gal‐Gs, and they

thus provide better protection for humans against infectious diseases

caused by these microbes including SARS‐CoV‐2 from animals.13,23,40

Increased anti‐Gal‐Abs has displayed more effective in mediating

complements to destroy Trypanosoma cruzi, the protozoan pathogen

of Chagas disease in humans.41

4 | PROPOSALS FOR COVID‐19 VACCINES

From the information and evidence given above, SARS‐CoV‐2
replicating in nonprimate mammalian cells (eg, porcine PK‐15 cells),

rather than simian Vero cells, carries Gal‐Gs on the viral spike (S)

glycoprotein, which usually comprises 22 N‐linked glycosylation sites

for adding Gal‐Gs.23,28 SARS‐CoV‐2 carrying Gal‐Gs can bind to anti‐
Gal‐Abs abundant in humans.

The first application of anti‐Gal‐Abs is to replace Vero cells

with PK‐15 cells for the inactivated vaccines under rapid devel-

opment for COVID‐19. This replacement shall probably enhance

the vaccine efficacy through immune opsonization elicited by the

complexes of anti‐Gal‐Abs and Gal‐Gs on the virus.13,34‐37 This

potential advantage is critical for providing longer immunity

against SARS‐CoV‐2. It could also be valuable to enhance the le-

vels of antiviral antibodies to circumvent antibody‐dependent
enhancement (ADE), one of the major potential pitfalls for COVID‐
19 vaccine development.42,43 ADE is a mechanism through which

dengue viruses, feline coronaviruses, SARS coronavirus, and HIV

viruses take advantage of low‐levels of antiviral antibodies to

infect host cells.42

The second application of anti‐Gal‐Abs is the development of

a live unattenuated or attenuated vaccine using SARS‐CoV‐2
replicating in PK‐15 cells or other non‐primate mammalian cells

(Figure 1). The efficacy of this live vaccine could be higher than other

live COVID‐19 vaccines due to immune opsonization elicited by the

complexes of anti‐Gal‐Abs and Gal‐Gs on the virus.13,34‐37 The safety

of this live vaccine could be from three mechanisms given below

(Figure 1).

First, anti‐Gal‐Abs can block the viral replication and aid

complements and macrophages to destroy the virus,13,16,17,28‐37

making the virus less pathogenic. This safety mechanism could be

standardized and strengthened through mixing the live virus and

high‐quality anti‐Gal‐Abs during the vaccine production, to ensure

the complexes of anti‐Gal‐Abs and Gal‐Gs are well formed in

time in all vaccine recipients and those inhaling the vaccine virus

unintentionally.13,34 Production of high‐quality anti‐Gal‐Abs for the

vaccine production is relatively inexpensive because anti‐Gal‐Abs are
abundant in human blood.

Second, the live vaccine could be less pathogenic through in-

tramuscular inoculation to bypass the pathogenesis site of the fragile

lungs (Table 2). If the live vaccine is inoculated nasally, the live virus

in the vaccine can attach directly to and replicate efficiently in its

favorite cells. In contrast, if the live vaccine is inoculated in-

tramuscularly, immune molecules and cells of the whole body, par-

ticularly those in the circulation system, could readily contact,

identify and destroy the injected virus, a process that could be

greatly facilitated by anti‐Gal‐Abs as elucidated above. Therefore, the

live respiratory virions could have limited chances to replicate in

humans, and their limited replication is also inhibited by innate im-

munity of the whole body. To test this mechanism, we recently in-

oculated mice with 106 50% egg‐infective dose of H5N6 subtype of

avian influenza virus lacking Gal‐Gs through nasal and intramuscular

administration. We found that all the mice inoculated nasally devel-

oped severe pneumonia and encephalitis with the mortality of 70%,

while all the mice inoculated intramuscularly maintained health

throughout the experiment and produced adequate immunity within

30 days after the inoculation and survived nasal challenge with 108

50% egg‐infective dose of the same virus (our unpublished data). The

safety mechanism bypassing the pathogenesis site of the fragile

lungs has also been employed in US recruits safely for 40 years for

F IGURE 1 Logic for SARS‐CoV‐2
replicating in PK‐15 cells to be a live COVID‐
19 vaccine. COVID‐19, corona virus 2019;
SARS‐CoV‐2, severe acute respiratory
syndrome coronavirus 2
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preventing adenovirus‐associated acute respiratory disease (ARD),

using a live unattenuated vaccine inoculated enterally to bypass the

lungs.43‐45 This live vaccine reduced adenovirus‐associated ARD

cases in US recruits by 99.66%, and the live vaccine itself causes no

more respiratory cases than the placebo.43

Third, SARS‐CoV‐2 could become less pathogenic to humans due

to mutations for adaption to non‐primate mammalian cells through

serial passage. This traditional attenuation mechanism via serial

passage of a virus in heterogenous host cells has been successfully

applied in the development of live vaccines for rubella, types 1 and

3 polio, yellow fever, and measles.10,46

The first two mechanisms given above could provide enough

safety for the potential live COVID‐19 vaccine. If the third me-

chanism is needed, some cell lines, such as MDCK and BHK‐21, in
which SARS‐CoV‐2 can replicate but replicates much less efficiently

than in Vero or PK‐15 cells,12 could be superior to PK‐15 cells

for generating mutations for host adaption which could lead to

attenuation of the virus. MDCK and BHK‐21 cells can also add

Gal‐Gs to SARS‐CoV‐2.
It was estimated that inactivated vaccines for influenza require

about 1010 virions per dose, and the cold‐adapted live vaccine for

influenza with amino acid substitutions requires about 107 virions

per dose, and the live vaccine for influenza using rare codons with no

amino acid substitutions requires about 105 virions per dose.47 If this

scenario is the same to COVID‐19, production of the live vaccine

using SARS‐CoV‐2 replicating in PK‐15 cells could be much more

efficient than production of the inactivated vaccine using SARS‐CoV‐
2 replicating in Vero cells. This is critical for rapidly manufacturing

sufficient doses of COVID‐19 vaccines to curb the dreadful pan-

demic.3,47 Such a live vaccine could even have the potential to

eliminate the pandemic virus.48

Like other live vaccines, the live vaccine proposed in this review

should not be used for those not in good health or with im-

munodeficiency.46 Those people with immunodeficiency could be

inoculated with the inactivated vaccines carrying Gal‐Gs to help them

to establish specific immunity against COVID‐19.

5 | CONFIRMATION REQUIRED

Animal experiments and clinical trials are imperatively desired to

confirm the potential critical advantages elucidated above for de-

feating COVID‐19.
First, it should be confirmed through experiments that SARS‐

CoV‐2 replicating in PK‐15 cells stably carry Gal‐Gs and can thus

bind to anti‐Gal‐Abs in humans. In this respect isolectin 1‐B4 from

Griffonia simplicifolia (GS‐1‐B4) can be used as an immunodiagnostic

reagent because of its high specificity for the glycan.49

To confirm that SARS‐CoV‐2 replicating in PK‐15 cells can induce

higher immunity, two inactivated vaccines can be prepared in the same

way except that the cells for culturing SARS‐CoV‐2 are different. Then,

two randomized groups of rhesus macaques are inoculated with these

two inactivated vaccines, and the antibodies against SARS‐CoV‐2 are

qualitatively evaluated using mini‐neutralization assay.5,6

To confirm the potential that SARS‐CoV‐2 replicating in non‐
primate mammalian cells could be employed as a safe and efficacious

live vaccine for COVID‐19, the live vaccine can be prepared using

SARS‐CoV‐2 replicating in PK‐15 cells. Then, three tested and one

control groups of rhesus macaques are intramuscularly inoculated

with the live vaccine or normal saline. Each macaque in the three

tested groups is inoculated with 104, 106, and 108 PFUs of virions,

respectively. All the macaques are challenged with nasal adminis-

tration of the virus (106 PFU/macaque) replicating in Vero cells 28

days after the intramuscular inoculation. If all macaques in the con-

trol group develop pneumonia, and maintain a high viral load in

throat and anal swabs 7 days after the virus challenge,8,9 and all

macaques in the three tested groups have neither developed pneu-

monia nor shed the virus via respiratory or digestive tracts, then the

live vaccine is presumed safe and efficacious, and such vaccine could

be considered for clinical trials in young volunteers who are more

naturally resistant to the infection than the elderly. The safety and

efficacy of the live attenuated vaccine prepared using SARS‐CoV‐2
adapted to another non‐primate mammalian cell line via serial pas-

sage may be preliminarily confirmed in the same way.

TABLE 2 Comparison of nasal and intramuscular inoculation of a respiratory virus

Nasal inoculation Intramuscular inoculation

Immunity responded Relatively few immune molecules and cells in

respiratory tracts

Plenty of immune molecules and cells from the circulation

system

Attachment & replication The virus can directly attach to and replicate

efficiently and continuously in its favorite cells

The virus should overcome immunity from the circulation

system to reach and attach to its favorite cells

Progeny viruses Many progeny viruses are generated for days or

weeks

Few progeny viruses are generated

Viruses invading deeper

tissues

Many progeny viruses invade the circulation system

for days or weeks

Few progeny viruses invade the circulation system except

the inoculated viruses

Viruses shed outside Many progeny viruses are shed outside and spread to

other people

Few progeny viruses are shed outside and spread to other

people

Local pathogenesis Local inflammation (pneumonia) is life threatening due

to anoxia

Local inflammation is usually not that pathogenic
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Notably, all relevant data should be collected from the above ex-

periments and clinical trials to identify or exclude the possibility that the

anti‐Gal‐Abs could weaken the immune response to the vaccine, and

that anti‐Gal‐Abs have some potential limitations and disadvantages.

6 | CONCLUSION

This review suggests with evidence that SARS‐CoV‐2 replicating in

nonprimate mammalian cells, if employed as live or inactivated vac-

cines, may induce higher immunity against COVID‐19, with the aid of

anti‐Gal antibodies abundant in humans. The safety of the live vaccine

could be enhanced through intramuscular inoculation to bypass the

fragile lungs. These novel vaccine strategies, if confirmed with ex-

periments and clinical trials, provide a simple, rapid and powerful ap-

proach to defeating COVID‐19 and shed novel insight into prevention

of other viral infectious diseases. Experiments are imperatively desired

to examine the critical advantages of these vaccine strategies.
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